SUMMARY. The present study was undertaken to demonstrate and characterize potentiation of ventricular overdrive suppression by adenosine. To substantiate that adenosine has an enhanced effect on overdrive suppression, it would be necessary to demonstrate that adenosine increases pause duration independent of slowing spontaneous pre-drive rate. In isolated perfused guinea pig hearts with surgically induced complete atrioventricular block, the effect of adenosine (2-20 MM) on pause duration was compared to two alternative means of slowing the pre-drive rate, i.e., hypothermia (28.0°C to 34.0°C) and cesium chloride (0.3-1.0 DIM). The slope value of the linear regression line describing the relationship between pre-drive cycle length and pause duration for adenosine (15.8) was significantly greater than control (1.7), hypothermia (1.7), and cesium chloride (5.4). The competitive adenosine antagonist, aminophylline (60 MM), when infused at the initiation of overdrive during adenosine administration, significantly reduced the effect of adenosine on pause duration by 72.9 ± 4.2% (mean ± SEM). The reduction in pause duration by aminophylline was specific for adenosine and did not occur under control conditions or during cesium chloride administration. During hypoxia, aminophylline and adenosine deaminase, when infused at the initiation of overdrive, caused 72.3 ± 5.6 and 63.3 ± 6.1% reductions in pause duration, respectively. Endogenous adenosine levels rose significantly with hypoxia (1,687 ± 202 vs. 36 ± 4 pmol/min per g during normoxia) and increased significantly further during hypoxic overdrive (3,004 ± 323 pmol/min per g). In isolated guinea pig Purkinje fibers (n = 4), adenosine (20 fiM) increased pause duration by 73.6 ± 9.9% while only minimally affecting the pre-drive cycle length (7.6 ± 3.8%). These fibers, when stimulated at 1.5 Hz, also displayed an adenosineinduced reduction in action potential duration at 90% repolarization (16 ± 2 msec). In addition, we demonstrated that adenosine had an enhanced effect on pause duration in the presence of ouabain (1 /iM)-induced attenuation of overdrive suppression. Thus, in isolated Purkinje fibers, it is unlikely that the potentiating effect of adenosine on pause duration, which is independent of its chronotropic effect, is mediated via an enhancement of sodium potassium adenosine triphosphatase pump activity. The effect of adenosine is likely to be secondary to a direct action on outward potassium conductance. Most importantly, in isolated perfused hearts, endogenously released adenosine can, in part, account for the potentiating effect of hypoxia on ventricular overdrive suppression, (drc Res 57: 517-531, 1985) WHEN an automatic focus is driven at a frequency faster than its intrinsic spontaneous rate, the termination of drive is followed by a temporary suppression (pause) of spontaneous automatic activity. This phenomenon has been termed overdrive suppression. Previous investigations of various models including isolated Purkinje fibers (Vassalle, 1970; Musso and Vassalle, 1980), isolated perfused hearts (Krellenstein et al., 1978) and cultured chick myocardial cells (Pelleg et al., 1980) have revealed the following characteristic of overdrive suppression. When the overdrive rate and duration are kept constant, the duration of the pause that follows cessation of overdrive is proportional to the spontaneous pre-drive cycle length; i.e., the slower the pre-drive rate, the longer the pause. Consequently, interventions known to slow the spontaneous pre-drive rate are expected to lengthen the pause duration.
SUMMARY. The present study was undertaken to demonstrate and characterize potentiation of ventricular overdrive suppression by adenosine. To substantiate that adenosine has an enhanced effect on overdrive suppression, it would be necessary to demonstrate that adenosine increases pause duration independent of slowing spontaneous pre-drive rate. In isolated perfused guinea pig hearts with surgically induced complete atrioventricular block, the effect of adenosine (2-20 MM) on pause duration was compared to two alternative means of slowing the pre-drive rate, i.e., hypothermia (28.0°C to 34.0°C) and cesium chloride (0.3-1.0 DIM). The slope value of the linear regression line describing the relationship between pre-drive cycle length and pause duration for adenosine (15.8) was significantly greater than control (1.7), hypothermia (1.7), and cesium chloride (5.4). The competitive adenosine antagonist, aminophylline (60 MM), when infused at the initiation of overdrive during adenosine administration, significantly reduced the effect of adenosine on pause duration by 72.9 ± 4.2% (mean ± SEM). The reduction in pause duration by aminophylline was specific for adenosine and did not occur under control conditions or during cesium chloride administration. During hypoxia, aminophylline and adenosine deaminase, when infused at the initiation of overdrive, caused 72.3 ± 5.6 and 63.3 ± 6.1% reductions in pause duration, respectively. Endogenous adenosine levels rose significantly with hypoxia (1,687 ± 202 vs. 36 ± 4 pmol/min per g during normoxia) and increased significantly further during hypoxic overdrive (3,004 ± 323 pmol/min per g). In isolated guinea pig Purkinje fibers (n = 4), adenosine (20 fiM) increased pause duration by 73.6 ± 9.9% while only minimally affecting the pre-drive cycle length (7.6 ± 3.8%). These fibers, when stimulated at 1.5 Hz, also displayed an adenosineinduced reduction in action potential duration at 90% repolarization (16 ± 2 msec). In addition, we demonstrated that adenosine had an enhanced effect on pause duration in the presence of ouabain (1 /iM)-induced attenuation of overdrive suppression. Thus, in isolated Purkinje fibers, it is unlikely that the potentiating effect of adenosine on pause duration, which is independent of its chronotropic effect, is mediated via an enhancement of sodium potassium adenosine triphosphatase pump activity. The effect of adenosine is likely to be secondary to a direct action on outward potassium conductance. Most importantly, in isolated perfused hearts, endogenously released adenosine can, in part, account for the potentiating effect of hypoxia on ventricular overdrive suppression, (drc Res 57: 517-531, 1985) WHEN an automatic focus is driven at a frequency faster than its intrinsic spontaneous rate, the termination of drive is followed by a temporary suppression (pause) of spontaneous automatic activity. This phenomenon has been termed overdrive suppression. Previous investigations of various models including isolated Purkinje fibers (Vassalle, 1970; Musso and Vassalle, 1980) , isolated perfused hearts (Krellenstein et al., 1978) and cultured chick myocardial cells (Pelleg et al., 1980) have revealed the following characteristic of overdrive suppression. When the overdrive rate and duration are kept constant, the duration of the pause that follows cessation of overdrive is proportional to the spontaneous pre-drive cycle length; i.e., the slower the pre-drive rate, the longer the pause. Consequently, interventions known to slow the spontaneous pre-drive rate are expected to lengthen the pause duration.
Evidence exists to suggest that metabolic factors produced during hypoxia or ischemia may enhance the pause following ventricular overdrive. In isolated perfused rat and guinea pig hearts, hypoxia and ischemia, in addition to inducing atrioventricular (AV) block , are known to depress arrial and ventricular automaticity (Weissler et al., 1968; Baba et al., 1970; Carbonin et al., 1981; Motomura and Hashimoto, 1982) . Furthermore, in isolated perfused canine atrial preparations and in feline hearts rendered dissociated by surgical AV block, post-drive suppression of automatic activ-ity has been noted during ischemia and anoxia after the cessation of atrial and ventricular pacing (Cushny, 1911 (Cushny, , 1912 Chiba et al., 1976) . In both instances, the effect of anoxia and ischemia on the spontaneous pre-drive rate was not taken into account.
Adenosine, an endogenous metabolite produced in large amounts during hypoxia and ischemia (Berne, 1963; Gerlach et al., 1963; Berne et al., 1971) , causes AV block (Belardinelli et al., , 1982 and depresses atrial and ventricular automaticity (Szentmiklosi et al., 1980; Rosen et al., 1983; . In addition, in spontaneously beating Purkinje fibers, adenosine has been shown to increase the pause following short periods of drive (Rardon and Bailey, 1984) ; however, the effect of adenosine on spontaneous pre-drive rate was neither controlled nor considered.
Adenosine, by virtue of its negative chronotropic effect, significantly increases the spontaneous predrive cycle length and, on this basis alone, should increase the magnitude of the pause duration. Therefore, the elucidation of an enhanced effect of adenosine on overdrive suppression requires demonstrating an action independent of simply increasing the spontaneous pre-drive cycle length (i.e., slowing the spontaneous pre-drive rate).
The present study was undertaken to demonstrate and characterize the effect of adenosine on ventricular overdrive suppression. In isolated perfused guinea pig hearts, utilizing methods to account for adenosine-induced slowing of pre-drive rate, we compared the effect of adenosine on post-drive suppression with interventions that caused similar degrees of pre-drive rate slowing. Second, utilizing methods to control for pre-drive rate, we attempted to determine whether the effect on post-drive suppression of adenosine, either exogenous or endogenously released by hypoxia, could be reversed by agents known to antagonize the action of adenosine. Last, in isolated guinea pig Purkinje fibers, we tested whether the effect of adenosine on postdrive suppression could be observed in the presence of ouabain. If so, the effect of adenosine would not likely be attributed to enhanced Na + , lC"-adenosine triphosphatase (ATPase) pump activity, an established mechanism of overdrive suppression (Vassalle, 1970 (Vassalle, , 1982 .
Methods

Isolated Perfused Hearts
The experiments were carried out in adult guinea pigs (Hartley) of either sex weighing 250-300 g. The guinea pigs were stunned by a blow to the head and the hearts were quickly excised. The hearts were retrogradely perfused via the aorta at a constant flow rate of 4 to 5 ml/ min per g with an oxygenated Krebs-Henseleit (KH) solution with the following compositions in HIM: NaCl, 130; KC1, 4.7; CaClz, 2.5; MgSO 4 ,1.2; KH 2 POo 1.18; NaHCOs, 25.0; dextrose, 11.0; pyruvate, 2.5. The pH and Pcvj of KH solutioi. M/hen equilibrated with 95% O 2 -5% CO 2 were Circulation Research/Vo/. 57, No. 4, October 1985 7A and 523 ± 1 1 mm Hg (mean ± SEM), respectively. The perfusate temperature was maintained at 35.5 ± 1°C.
The following procedure was used to produce complete AV block. After an incision along the lateral margin of the right atrial appendage, an 8-0 silk suture was placed in the tip of the appendage for the purpose of temporary retraction and access to the AV node area. An incision then was made anterior to the ostium of the coronary sinus above the insertion of the septal leaflet of the bicuspid valve.
Extracellular electrograms were recorded from the left atrium (LAE) and His bundle (HBE), as previously described . Electrograms were amplified and displayed on a dual-beam oscilloscope (Tektronix model 5110 and recorded on a strip-chart recorder (Gould Brush model 220). Stimulation was performed via a bipolar electrode (stainless steel Teflon-coated wire) connected via a stimulus isolation unit to a Grass stimulator, model S-88. Stimuli were in the form of 2-msec rectangular wave pulses at twice threshold intensity. The site of stimulation was the right ventricular outflow tract.
Hypothermia was induced by shutting off the heatcirculating pump. The bath temperature was allowed to gradually fall but no lower than 28.0°C. Hypoxia was achieved by switching to Krebs-Henseleit solution aerated with a 95% N 2 -5% CO 2 mixture. The steady state perfusate Poj level of 23 ± 2 mm Hg was achieved at 10 minutes of hypoxic perfusion. Stock concentrations of adenosine (ADO; Sigma) and cesium chloride (CsCl, Sigma) were introduced into the perfusion line to achieve the desired concentration. Adenosine and CsCl concentration ranged from 2-20 /iM and 0.3-1.0 rrtM, respectively. Aminophylline (Invenex), adenosine deaminase (ADA; Sigma), or atropine sulfate (Lilly) were infused via a fine cannula positioned in the aortic root at a rate to achieve concentrations of 60 IIM, 5 U/ml or 1 /IM, respectively.
All experiments were carried out 15-20 minutes after the induction of complete AV block. A constant overdrive rate-duration was performed in each set of experiments. The spontaneous pre-drive cycle length was defined as the interval between spontaneous beats prior to stimulation and the pause duration as the interval between the last driven beat and the first spontaneous beat following cessation of drive. Only hearts demonstrating regular beatto-beat spontaneous pre-drive cycle lengths (i.e., the absence of ventricular dysrhythmia) were utilized. Stimulations were performed at least 2 minutes apart to allow for post-drive recovery to the level of previous pre-drive rates. With the exception of the recovery period following prolonged hypoxia, in which dysrhythmia was common, stimulations were performed before and after each intervention and were compared to assure that the pre-and post-intervention control relationship between spontaneous pre-drive cycle length and pause duration remained unaltered.
were performed during the infusion of adenosine and after its washout. In the third subgroup, stimulations were performed under control conditions, during infusion of adenosine, and after its washout. Thereafter, stimulations were performed during the infusion of CsCl and after its washout.
Effect of Aminophylline on Overdrive Suppression during Adenosine Infusion
In this set of experiments, the constant overdrive rateduration was 3 Hz for 30 seconds. Aminophylline, a competitive adenosine antagonist, has been shown to reverse the negative chronotropic effect of adenosine on rate . Therefore, in order to avoid simultaneous changes in spontaneous rate and the reversal of adenosine effect on pause duration, aminophylline (60 HM) was infused at the initiation of overdrive for a period of 45 seconds. Thus, the effect of adenosine on pause duration could be separated from its effect on the spontaneous pre-drive rate. Stimulations during adenosine infusion alone were performed prior to aminophylline stimulations and after its washout.
Prior to the use of aminophylline, as outlined above, two effects of aminophylline were determined: (1) the effect of a 3-minute infusion on spontaneous rate, and (2) the effect on pause duration when aminophylline was infused at the initiation of overdrive in the absence of adenosine.
In addition, in a separate group of hearts, the specificity of aminophylline in antagonizing the effect of adenosine on pause duration was further established by determining the effect of aminophylline on pause duration during the infusion of 1 mM CsCl.
Release of Adenosine with Overdrive Stimulation during Normoxia and Hypoxia
Effluent samples for quantitative analysis of adenosine were obtained under normoxic and hypoxic conditions before, during, and 1 minute after (i.e., recovery) overdrive at 3 Hz for 2 minutes. All samples were collected over the course of 30 seconds. Samples during stimulation were collected over a period beginning 15 seconds prior to the cessation of drive and ending 15 seconds into the postdrive period.
Effect of Aminophylline on Overdrive Suppression during Hypoxia
In this series of experiments, the constant overdrive rate-duration was 3 Hz for 2 minutes. To avoid simultaneous changes in spontaneous rate and the reversal of the effect of endogenously released adenosine on pause duration, aminophylline (60 JIM) was infused at the initiation of overdrive at 15 minutes of hypoxia. The duration of aminophylline infusion was 2 minutes and 30 seconds. Thus, in a manner similar to exogenous adenosine, the effect of endogenously released adenosine on pause duration during hypoxia could be separated from its effect on the spontaneous pre-drive rate. Stimulations during hypoxia alone were performed before stimulation in the presence of aminophylline, and after its washout.
Effect of Atropine on Spontaneous Rate and Overdrive Suppression during Hypoxia
During hypoxia in two hearts, the effect of a 3-minute infusion of atropine (1 //M) on spontaneous rate was determined. The hearts then were stimulated at 3 Hz for 519 2 minutes, and the effect of atropine on pause duration in the presence of hypoxia was investigated.
Adenosine Deaminase Antagonism of Hypoxia
In this set of experiments, two different constant overdrive rate-durations (2.5 Hz for 3 minutes and 2.5 Hz for 5 minutes) were utilized in two separate groups of hearts. To avoid simultaneous changes in spontaneous rate and the reversal of the effect of endogenously released adenosine on pause duration, ADA was infused during hypoxia at the initiation of overdrive. ADA infusion ended within 30 seconds after the cessation of drive. Stimulations during hypoxia alone were performed before ADA stimulations and after ADA washout. Prior to use of ADA during hypoxia, two effects of ADA under normoxic conditions were established: (1) the effect of a 3-minute infusion on spontaneous rate, and (2) the effect on pause -duration of ADA infused at the initiation of drive (2.5 Hz for 3 minutes).
Isolated Purkinje Fibers
Hearts from adult guinea pigs were removed as described above. Free-running strands of false tendons attached near the apex of the left posteromedial and anterolateral papillary muscles of the left ventricle were excised, placed in a heated perfusion chamber, and allowed to equilibrate in oxygenated Krebs-Henseleit solution (with modifications noted below) for 45-60 minutes before experimentation (flow rate = 6 ml/min). Initial experiments were performed in the presence of 3.9 mM K + , which was later reduced to 3.2 mM K + to increase the incidence of spontaneously beating fibers. The perfusion chamber temperature was maintained at 36.0 ± 0.5°C.
Intracellular recording was performed with glass microelectrodes filled with 3 M KC1 (electrode resistance = 20-30 Mil). Stimulation and recording devices were the same as described above. Field stimulation via flat bath-applied silver electrodes was effected by 3-msec rectangular wave pulses at 1.5 times the stimulation threshold. Overdrive stimulations were performed at least 2 minutes apart to allow for post-drive recovery to the previous pre-drive rate.
Stock concentrations of adenosine were introduced into the perfusion line to achieve the desired concentration (5-200 /IM). Solutions containing 1 IAA ouabain (Sigma) were prepared from a refrigerated stock solution (2.75 x 10~*M).
In addition to pre-drive cycle length and pause duration, the following action potential (AP) parameters were measured: the maximum diastolic potential (MDP), takeoff potential (TP), and overshoot potential (OV); MDP of the last driven AP; MDP and TP of the first spontaneous, post-drive AP; and the rate of post-drive diastolic depolarization. During stimulation at 1.5 Hz, the effect of adenosine on AP parameters including action potential duration at 90% repolarization (APD90) was compared to the average of pre-and post-adenosine values.
Analytical Procedures
Effluent Adenosine
The adenosine concentration in the effluent of the isolated perfused guinea pig hearts was measured as follows: 4-ml samples of effluent were collected in tubes, filtered through 0.22-/nn millipore mesh, and assayed for adenosine using reversed phase high-performance liquid chromatography according to the method employed by Circulation Research/Vo/. 57, No. 4, October 1985 Hartwick et al. (1979 . Briefly, samples were passed through an Altex Ultrasphere ODS (Sm) column using 20 HTM KH 2 PO 4 buffer (pH = 5.3) with 7% methanol (vol/ vol). The adenosine was detected by a Beckman model 150 absorbance detector at 254 /im.
Data Analysis
Linear regression analysis was used to determine the correlation between the spontaneous pre-drive cycle length and pause duration. Data from control and each intervention were described by linear regression equations according to Y = A + BX where Y = pause duration in msec, A = y-intercept in msec when the pre-drive cycle length = 0, B = the slope of the regression line, and X = spontaneous pre-drive cycle length in msec. Comparisons among interventions and controls were performed by using a general linear regression method which employs analysis of covariance with a test of homogeneity of the slopes (Searle, 1971) . When slopes were not statistically different, statistical evaluation of y-intercepts based on pre-drive cycle lengths within the range tested was used to determine whether differences in pause duration were due to a significant parallel shift in lineai regression lines. Statistical analysis of other variables was based on the Student's f-distribution for paired (intervention vs. average pre-and post-control) data. Significant difference was considered for P < 0.05. All values were expressed as the mean ± SEM.
Results
Isolated Perfused Hearts
General. Prior to the induction of complete AV block, the mean spontaneous cycle length was 271.9 ± 5.2 msec (n = 42). Immediately after the induction of AV block, dysrhythmia and faster-than-expected ventricular rates were common. However, dysrhythmia abated, and hearts slowed to expected levels following a 15-to 20-minute equilibrium period. The mean ventricular cycle length at the end of the equilibrium period was 620.3 ± 12.6 msec (n = 42). The presence of complete AV block was confirmed by the absence of A-V or V-A conduction in response to short bursts of atrial or ventricular pacing, respectively. Our experimental model conformed to previously established characteristics of the phenomenon of overdrive suppression (Alanis and Benitez, 1967; Vassalle, 1970; Krellenstein et al., 1978) .
Comparison among Control, Hypothermia, Adenosine, and Cesium Chloride Figure 1 depicts the relationship between spontaneous pre-drive cycle length and pause duration when overdriving at 3 Hz for 15 seconds under control conditions and during hypothermia. The spontaneous pre-drive cycle lengths were significantly longer during hypothermia (808-1296 msec), compared to controls (432-877 msec). Note that the slopes of the linear regression lines describing control and hypothermia data were identical, i.e., 1.7.
In contrast to hypothermia, adenosine caused a marked alteration in the relationship between spontaneous pre-drive cycle length and pause duration. hypothermia and during adenosine infusion. The spontaneous pre-drive cycle lengths under both conditions were within similar ranges; i.e., 840-1412 msec for adenosine and 808-1296 msec for hypothermia. Of note, initial exposure to adenosine was characterized by transient arrest prior to the attainment of a steady state effect on spontaneous activity. The slope of the linear regression describing the Pause Duration 5.0 (sec) (28-34°C) 700 900 1100 1300 1500
Pre-drive CL (msec) adenosine data (15.8) was significantly greater than either the hypothermia or control slope (1.7). hi five hearts, where similar spontaneous predrive cycle lengths were found for adenosine and mild hypothermia (32.5-34.0°C), adenosine caused a 123 ± 31% greater increase in pause duration than hypothermia (Fig. 3) .
The effect of adenosine on the relationship between pre-drive cycle length and pause duration was also found to be greater than that of CsCl. Figure 4 illustrates the effect of overdrive during adenosine and CsCl infusion. The spontaneous predrive cycle lengths under both conditions were within similar ranges; i.e., 864-1720 msec for adenosine and 948-1520 msec for CsCl. As in the case of hypothermia, the difference in slope (15.4 for adenosine vs. 5.4 for CsCl) was significant.
Following washout, none of the interventions (hypothermia, adenosine, or CsCl) exerted any residual effect on pause duration with subsequent overdrive. There was no significant difference between preand post-intervention slopes or y-intercepts within the range of pre-drive cycle lengths tested.
Adenosine-lnsensitive Hearts
From a total of 48 hearts, eight (16.7%) were found to be adenosine insensitive. These hearts (which were analyzed separately) were characterized by (1) faster spontaneous rates, (2) compared to adenosine-sensitive hearts, and (3) the absence of potentiation of pause duration in the presence of adenosine. Prior to adenosine infusion, the mean spontaneous cycle lengths for adenosineinsensitive and -sensitive hearts were significantly different, i.e., 589 ± 41 and 702 ± 24, respectively. In response to adenosine infusion, steady state cycle lengths for both adenosine-insensitive (798 ± 56 msec) and -sensitive hearts (1274 ± 50 msec) increased significantly when compared to preinfusion values; however, the adenosine-induced slowing of sensitive hearts was significantly greater than that of insensitive hearts. In two of eight hearts, control stimulation was followed by overdrive acceleration and a shift to an adenosine-insensitive pacemaker. A shift in pacemaker dominance was defined by an alteration in the configuration of the ventricular complex accompanied by an abrupt change in spontaneous cycle length. In the remaining six cases, the initial predrive pacemaker was found to be adenosine insensitive, and no discernible shift in pacemaker dominance occurred.
Circulation Research/Vol. 57, No. 4, October 1985 Aminophylline Antagonism of Adenosine Infusion of 60 HM aminophylline caused no significant change in spontaneous rate. In nine hearts the mean spontaneous cycle length before and after infusion of aminophylline for 3 minutes were 685 ± 1 8 and 676 ± 1 7 msec, respectively. In addition, 60 HM aminophylline, when infused at the initiation of overdrive (3 Hz for 30 seconds), caused no shortening of pause duration. No significant differences were found between mean pre-drive cycle lengths (697 ± 21 vs. 690 ± 22 msec) and between mean pause durations (994 ± 45 vs. 994 ± 53 msec) for control and aminophylline, respectively.
In contrast to control conditions, 60 FM aminophylline, when infused at the initiation of drive stimulation during administration of adenosine, attenuated the effect of adenosine on pause duration (Fig. 5) . in pause duration caused by aminophylline when compared to pre-and post-intervention controls was 72.9 ± 4.2%. The spontaneous pre-drive cycle lengths were within similar ranges, i.e., 888-1548 msec for adenosine and 1096-1500 msec for adenosine plus aminophylline. The reversal of pause duration by aminophylline was specific for adenosine and did not occur in the presence of CsCl. The CsCl and CsCl plus aminophylline data could be described by the linear regression equations Y = -2586 + 5.6 X and Y = -2497 + 5.6 X, respectively. The spontaneous pre-drive cycle lengths were within similar ranges, i.e., 840-1200 msec for CsCl and 872-1100 msec for CsCl plus aminophylline. There was no significant difference in slope or y-intercepts within the range of predrive cycle lengths tested.
Effect of Overdrive on Effluent Adenosine Levels during Normoxia and Hypoxia
The effect of overdrive on the rate of endogenous adenosine released during normoxia and hypoxia was investigated in nine hearts (Table 1) . During Values are mean ± SEM of nine hearts in pmol/min per g heart weight. The hearts were paced at 3 Hz for 2 minutes.
• P < 0.05 vs. normoxia control, •f P < 0.05 vs. hypoxia control.
normoxia, overdrive at 3 Hz for 2 minutes led to a small but significant increase in effluent adenosine levels. Levels during recovery were not significantly different from pre-stimulation values. Hypoxia (15 minutes) led to a significant increase in effluent adenosine levels and a significant slowing in spontaneous rate. The spontaneous cycle lengths prior to and during hypoxia were 702 ± 18 and 807 ± 23 msec respectively. Effluent adenosine levels increased significantly with overdrive; however, recovery values were not significantly different from pre-stimulation values.
Aminophylline Antagonism of Hypoxia
Aminophylline, when infused at the initiation of overdrive at 3 Hz for 2 minutes, markedly attenuated the effect of hypoxia on pause duration (Fig.  7) . Figure 8 summarizes the attenuation by aminophylline of the effect of hypoxia on pause duration. The slope value for hypoxia plus aminophylline (19.7) was significantly different from hypoxia (30.9) and hypoxia post-aminophylline (39.8) slopes. The average percentage reduction in pause duration caused by aminophylline when compared to preand post-intervention controls was 72.3 ± 5.6%. The spontaneous pre-drive cycle lengths were within similar ranges (712-1028 msec, 740-1012 msec, and 772-1020 msec) for hypoxia, hypoxia plus aminophylline, and hypoxia post-aminophylline washout, respectively.
Adenosine Deaminase Antagonism of Hypoxia
In three hearts during normoxia, infusion of adenosine deaminase (ADA) for 3 minutes caused no significant change in spontaneous rate. The mean spontaneous cycle length before and after ADA infusion was 628 ± 2 1 and 659 ± 29 msec, respectively. In addition, ADA, when infused at the initiation of overdrive at 2.5 Hz for 3 minutes, caused no shortening of pause duration.
In a manner similar to aminophylline, ADA, when infused at the initiation of overdrive (2.5 Hz for 5 minutes), markedly attenuated the effect of hypoxia on pause duration (Fig. 9) . Figure 10 summarizes the attenuation by ADA of the effect of hypoxia in three hearts. The slope value for hypoxia plus ADA (10.9) was significantly different from hypoxia (24.9) and hypoxia post-ADA (23.3) slopes. The average percentage reduction in pause duration caused by ADA when compared to pre-and post-intervention was 63.3 ± 6.1%. The spontaneous predrive cycle lengths were within similar ranges, i.e., 800-984 msec, 808-992 msec, and 820-988 msec for hypoxia, hypoxia plus ADA, and hypoxia post-ADA washout, respectively. ADA, when infused at the initiation of overdrive at 2.5 Hz for 3 minutes, attenuated the effect of hypoxia on pause duration but to a lesser extent than overdrive at 2.5 Hz for 5 minutes. Attenuation was noted in six of seven hearts tested. The average percentage reduction in pause duration caused by ADA was 46.4 ± 8.9%. 
Effect of Atropine during Hypoxia
Infusion of atropine for 3 minutes during hypoxia had no effect on spontaneous rate in two hearts. In addition, atropine had no effect on pause duration following overdrive at 3 Hz for 2 minutes. The average percentge reduction in pause duration caused by atropine when compared to pre-and postintervention was only -1.9%. 
Isolated Purkinje Fibers
In Purkinje fibers under study, the following action potential parameters during stimulation at 1.5 Hz in KH solution containing 3.9 rrtM K + were observed: maximum diastolic potential (MDP) = -88.8 ± 0.5 mV; overshoot potential (OV) = +30.0 ±1.4 mV; take-off potential (TP) = -75.0 ± 1.9 mV; and action potential duration at 90% repolarization (ADP 90 ) = 208.0 ± 19.4 msec (n = 5).
The steady state effect of adenosine (20 UM) on spontaneous rate was minimal; i.e., 20 UM of adenosine increased spontaneous cycle length by 7.6 ± 3.8% (n = 4). In several instances, higher concentrations of adenosine (up to 80 UM) caused complete arrest of spontaneous activity followed by incomplete recovery to the preinfusion rate. Whereas adenosine caused no demonstrable increase in maximum diastolic potential in spontaneously beating well-polarized fibers, hyperpolarization was noted in several depolarized fibers.
In contrast to the small effect on spontaneous rate, adenosine (20 /IM) markedly increased the pause duration after cessation of overdrive in four Purkinje fibers. Figure 11 demonstrates the effect of adenosine on pause duration following overdrive at 4 Hz for 2 minutes (3.9 HIM K + ). Overall in four fibers, adenosine caused a 73.6 ± 9.9% increase in pause duration. Adenosine had no effect on MDP and OV pre-and post-drive and the TP post-drive. The adenosine effect was confined to a reduction in the rate of post-drive diastolic depolarization. In fibers demonstrating this enhanced effect (n = 4), adenosine reduced the APD90 by 16.8 ± 2.7 msec during stimulation at 1.5 Hz.
In two additional fibers, adenosine exerted no C. effect on pause duration. In one such fiber stimulated at 1.5 Hz, adenosine had no effect on APD 90 . The action potential characteristics were: MDP = -90 mV, TP = -76, OV = +26 mV, and APD^ = 220 msec. Lastly we determined that ouabain attenuates the effect of adenosine on pause duration. As shown in Figure 12 , the effect of adenosine on pause duration (panel B) could be maintained in the presence of a concentration of ouabain (panel E), shown to reduce post-drive suppression (panels D and F) compared to control (panels A and C). Similar effects were demonstrated in two additional fibers. The constant drive-rate duration (3 Hz at either 15 or 30 seconds) was reduced to obviate the initiation of sustained ouabain-induced triggered activity following pre- Ouabain supeTfusion (>10 minutes) eventually led to the emergence of sustained triggered activity in response to a short period of overdrive. Adenosine at a concentration of 200 fiM exerted no effect on the triggered activity throughout the subsequent duration (>15 minutes) of ouabain superfusion (n = 4).
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Discussion
Potentiation of Overdrive
The present study had three main objectives. In isolated perfused guinea pig hearts with surgically induced AV block, experiments were performed to determine whether adenosine enhances overdrive supppression independent of its pre-drive chronotropic effect, and whether endogenously released adenosine could, in part, account for the effect of hypoxia on overdrive suppression. In isolated guinea pig Purkinje fibers, questions regarding the possible underlying mechanism of action of adenosine on the phenomenon of overdrive suppression were addressed.
In addition to augmenting post-drive pause, adenosine was shown to slow spontaneous rate in both preparations. In order to account for the effect of adenosine on spontaneous pre-drive rate, we used two approaches. First, we compared the effect of adenosine on pause duration to other interventions which produced comparable degrees of pre-drive rate slowing. Second, in order to separate the effect of adenosine on pause duration from its effect on pre-drive rate, we infused agents known to antagonize the action of adenosine during overdrive.
With regard to the first approach, hypothermia, which increases the spontaneous pre-drive cycle length to the same degree as adenosine, did not significantly alter the slope describing the control relationship between pre-drive cycle length and pause duration. In contrast, adenosine markedly A.
B.
C.
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2 s*c altered this relationship as evidenced by a 9-fold increase in slope compared to hypothermia. Although cesium caused a 3-fold increase in slope compared to hypothermia and control, its effect on slope was three times less than adenosine. Since, under the conditions of our study, hypothermia failed to alter the control relationship between predrive rate and pause to a degree considered physiologically significant, the effect of adenosine, by comparison, suggests a potentiation of overdrive suppression.
Potentiation of overdrive suppression by adenosine is further supported by observations regarding the effect of adenosine antagonism. The competitive extracellular adenosine antagonist, aminophylline, when infused at the initiation of overdrive, markedly attenuated the effect of adenosine on pause duration as evidenced by nearly a 50% reduction in the slope of linear regression line describing the relationship between pre-drive cycle length and pause. Several experimental observations support the specificity of aminophylline in reversing the effect of adenosine on pause duration. For example, when infused during the absence of overdrive, aminophylline did not cause an increase in spontaneous rate over a period well in excess of the duration of overdrive. Thus, the action of aminophylline in reversing the effect of adenosine on pause duration cannot be attributed to an effect of aminophylline on normal automaticity. Second, aminophylline, when infused at the initiation of overdrive, caused no shortening of pause duration, compared to control. This observation suggests that the reversal of pause duration by aminophylline in the presence of adenosine was mediated solely by adenosine antagonism and not by antagonism of a process inherent in the phenomenon of overdrive suppression. Third, the reversal of pause duration by aminophylline was not simply a function of overdrive in the presence of slow spontaneous pre-drive rates. When cesium induced a comparable degree of pre-drive rate slowing, aminophylline failed to reverse the effect of cesium (compared to hypothermia) on pause duration. Thus, the reversal of pause duration by aminophylline was specific for adenosine.
Aminophylline is known to release endogenous catecholamines (Westfall and Fleming, 1968; Westfall and Brasted, 1974) and inhibit phosphodiesterase (Sutherland and Rail, 1958) , in addition to its antagonism of the extracellular adenosine receptor. However, it is unlikely, at the concentration utilized (60 nu), that aminophylline-induced reversal of pause duration was secondary to effects other than adenosine antagonism. Previous investigation in isolated perfused guinea pig hearts has shown that aminophylline at a concentration of 100 /ZM neither released endogenous catecholamines nor increased cAMP levels (Belardinelli et al., 1982) .
Role of Adenosine during Hypoxia
A role for endogenously released adenosine in the potentiation of post-drive suppression during hypoxia is supported by the following findings:
1. Effluent adenosine levels increased markedly during hypoxia, compared to control, and increased still further in response to hypoxic overdrive. In addition, a small but significant increase in adenosine levels was noted with control stimulation. Sim- s e c ilar findings during normoxic conditions have been obtained in isolated perfused hypothermic rat hearts when higher stimulation rates were used (Heller et al., 1984) . The relative contribution of adenosine release and uptake mechanisms in determining adenosine levels in the response to varying stimulation rates and duration during control, hypothermic, and hypoxic conditions have yet to be determined.
2. Aminophylline, in a manner similar to its reversal of the effect of exogenous adenosine, markedly attenuated the effect of hypoxia.
3. In addition, ADA, when infused at the initiation of overdrive, also significantly attenuated the effect of hypoxia on pause duration. The attenuation was greater for longer overdrive durations. The difference probably reflects time necessary to achieve optimal activation of adenosine catabolism in the setting of increased release of endogenous adenosine during hypoxic overdrive. The longer overdrive duration would thus also account for the greater predictability of response (three of three responders for 5 minutes of overdrive vs. six of seven responders for 3 minutes of stimulation). Under normoxic conditions, ADA infusion neither increased spontaneous rate nor shortened pause duration. Thus, the attenuation of pause duration by ADA was specific for hypoxia.
Although the effect of vagal stimulation on ventricular automaticity in an intact canine model with complete AV block was minimal (Eliakim et al., 1981) , acetylcholine has been shown to reduce spontaneous rate in isolated Purkinje fibers with varying sensitivity among mammalian species (Tse et al., 1976; Gadsby et al., 1978; Carmeliet and Ramon, 1980; Mubagwa and Carmeliet, 1983) . Thus, if endogenous acetylcholine were released during hypoxic overdrive, it might account for post-drive suppression. Although, under normoxic conditions, atropine has been shown to have no effect on post-528 drive suppression in Purkinje fibers (Brooks and Lu, 1972) , the lack of effect might be attributed to absence of sufficient release of endogenous acetylcholine. Whereas the release of endogenous acetylcholine was not measured in our model, atropine neither increased spontaneous rate nor reduced pause duration during hypoxia. Thus, in the present model, it is unlikely that the release of endogenous acetylcholine during hypoxic overdrive accounts for the effect of hypoxia on pause duration.
Mechanism of Action
In isolated guinea pig Purkinje fibers, adenosine also markedly increased pause duration while only minimally affecting steady state pre-drive rate. Most importantly, the effect of adenosine on post-drive suppression correlated with a dose-dependent shortening of action potential duration. The shortening of the Purkinje fiber action potential by adenosine in the absence of catecholamine stimulation has not been previously reported (Rardon and Bailey, 1984;  re canine Purkinje fibers). Although basal levels of adenyl cyclase activity were not measured in this study, this observation raises the possibility of a species-specific direct effect of adenosine on the electrophysiologjcal properties of Purkinje tissue.
The direct effect of adenosine, observed in atrial myocardium and sinoatrial node, has been attributed to an increase in outward K + conductance (Belardinelli and Isenberg, 1983; Hutter and Rankin, 1983; Nawrath and Jochem, 1983; West and Belardinelli, 1985b) . In these tissues, action potential shortening is accompanied by hyperpolarization toward the potassium equilibrium potential (Ek). The lack of hyperpolarization in fibers exhibiting enhanced overdrive suppression does not rule out the possibility that adenosine acts on K + conductance. The high maximum diastolic potential (88.8 ± 0.5 mV) is already close to the predicted E k (-92 mV). Moreover, in several depolarized fibers, hyperpolarization in response to adenosine could be demonstrated.
During normal spontaneous automaticity, the influence of K + conductance on the net pacemaker current in Purkinje fibers has been shown to be brief and negligible compared to the predominant effect of the inward current, if, which is carried largely by Na + (DiFrancesco, 1981; DiFrancesco and Noble, 1982) . Following overdrive in the presence of adenosine, an adenosine-induced enhancement of outward K + conductance might act synergistically with the hyperpolarizing effect of net cation extrusion via Na + ,K -ATPase (Vassalle, 1970) to counteract the depolarizing influence of inward current (if) on membrane potential. Thus, the effect of adenosine on K + conductance could account for the potentiation of overdrive suppression by promoting the maintenance of membrane potential below threshold.
Circulation Research/VoJ. 57, No. 4, October 1985 It is well established that the electrogenic sarcolemmal Na + ,K + -ATPase activity plays an important role in post-drive suppression of spontaneous activity (Vassalle, 1970 (Vassalle, , 1982 . Thus, conceivably, adenosine could act via an enhancement of pump activity. Indeed, hyperpolarization and shortening of the action potential have been demonstrated as a consequence of enhanced pump activity in Purkinje fibers following pump reactivation in the presence of Na + loading (Gadsby, 1982) . However, present data and previous observations would favor an adenosine-induced increase in outward K + conductance rather than augmented Na + ,K + -ATPase pump activity as the mechanism of enhanced overdrive suppression. Immediate post-drive hyperpolarization (a function of electrogenic pump activity) is not increased in the presence of adenosine, compared to control. Second, the effect of adenosine on pause duration can be maintained in the presence of ouabain-induced attenuation of post-drive suppression. An effect of adenosine on pause duration in the presence of ouabain would be expected if adenosine directly counters the action of ouabain. However, direct competition by adenosine for the ouabainbinding site of Na The observed effects of adenosine during ouabain-induced triggered activity further refute a reversal of ouabain action. It is known that, in the absence of pump inhibition, the cessation of triggered activity is mediated via augmented electrogenic pump activity secondary to an increase in intracellular Na + (Wit et al., 1981) . As a result of pump-induced post-drive hyperpolarization, delayed afterpotentials cannot reach threshold, and triggered activity ceases. In the presence of pump inhibition via cardiac steroids, triggered activity can be sustained (Wit et al., 1981) because of (1) the lack of hyperpolarization and (2) an increase in intracellular Ca ++ via Na + -Ca ++ exchange (Reuter and Seitz, 1968; Sheu and Fozzard, 1982) . Intracellular Ca" 1l oading is believed to promote the oscillatory transient inward current responsible for delayed afterpotentials (Ferrier and Moe, 1973; Lederer and Tsien, 1976) . Thus, if adenosine directly reverses the action of ouabain and thereby enhances pump activity, one would expect that adenosine would suppress ouabain-induced triggered activity. However, infusion of adenosine up to 200 / XM had no effect. Moreover, in one instance, adenosine did not suppress the occurrence of several ouabain-induced post-drive triggered action potentials despite maintaining an effect on the subsequent pause (Fig. 12) . It is unlikely that the short period of triggered activity had any additive effect on pause. Thus, adenosine does not reverse the action of ouabain, and the mechanism by which adenosine enhances overdrive suppression is unlikely to be an enhancement of Na + ,K + -ATPase pump activity.
Whereas both adenosine and cesium differentially altered slope in isolated perfused guinea pig hearts, probably each acts via different mechanisms. Cesium, in the concentration range tested, blocks i f in canine Purkinje fibers and other tissues (Brown et al., 1981; DiFrancesco, 1981 , Noma et al., 1983 . As a consequence of overdrive, substantial intracellular Na + loading is expected to occur as a result of transarcolemmal Na + influx during the rapid upstroke phase of the action potential. Hyperpolarization resulting from augmented Na + ,K + -ATPase activity plus the attenuation of depolarizing inward current (if) could account for the effect of cesium.
Although adenosine was shown to potentiate overdrive suppression in both isolated hearts and Purkinje fibers, the pacemaker under study probably is different in each case. In isolated guinea pig hearts with complete AV block, the pacemaker site is most likely pacemaker cells in the distal region of the AV node near the insertion of the His bundle (Sherf et al., 1985) . Intracellular recording from this region reveals shortening of the action potential with adenosine infusion (Belardinelli and Clemo, 1985) . Thus, an increase in K + conductance probably underlies augmented post-drive suppression in each model.
Heterogeneity of Pacemaker Response
Heterogeneity in action potential morphologies characterize the distal AV node of dog (Sherf et al., 1985) . Two patterns of junctional automaticity have been shown to originate from pacemaker cells in the canine distal AV node: one, faster and subject to suppression by physostigmine, and the other, slowei and acetylcholine-insensitive (Urthaler et al., 1973 (Urthaler et al., , 1979 James et al., 1979) . Variations in chronotropic response of these two rhythms to adenosine in dogs is yet to be determined. However, both adenosine and acetylcholine are known to exert their negative chronotropic effects through the same mechanism (i.e., enhanced K + conductance) in other sensitive tissues, such as atrial myocardium (Belardinelli and Isenberg, 1983) and sinus node (West and Belardinelli, 1985b ). These observations support the possibility that heterogeneity in chronotropic response to adenosine might exist among pacemaker cells in the distal AV node of guinea pigs, a species generally considered to be more adenosine sensitive. Thus, heterogeneity in response to adenosine might similarly exist among cells in strands of guinea pig Purkinje fibers.
Evidence for heterogeneity in response to adenosine is the marked suppression in spontaneous automaticity that occurs upon initial exposure to adenosine in both tissues. This phenomenon likely represents suppression of the most adenosine-sensitive pacemaker cell followed by shift in pacemaker site. The gradual increase in the rate of the subsidiary pacemaker after exposure to adenosine reflects prior overdrive suppression by the initial pacemaker. The response is similar to the 'warming-up' of a junctional pacemaker following sudden cessation of sinus node automaticity (Vassalle, 1977) . The existence of adenosine-induced pacemaker shift in Purkinje fibers and AV node seems reasonable, given recent demonstration of a similar phenomenon in isolated rabbit SA node tissue (West and Belardinelli, 1985a) .
Adenosine Insensitivity
The mechanism of insensitivity to adenosine following overdrive in isolated perfused hearts is probably related to an injury-induced reduction in membrane potential. Insensitivity was characterized by lack of pre-drive chronotropic response and, in several cases, occurred with pacemaker shift accompanying overdrive acceleration. In canine Purkinje fibers subjected to barium superfusion or ischemic injury, low maximum diastolic potential was associated with a diminution in post-drive suppression and the occurrence of overdrive acceleration (Dangman and Hoffman, 1983) .
Guinea pig Purkinje fibers exhibiting adenosine insensitivity were not, however, characterized by low membrane potential. Perhaps heterogeneity in response to adenosine exists among cells in a strand of Purkinje fiber, as is the case of rabbit sinoatrial node (West and Belardinelli, 1985a) . Unlike fibers exhibiting sensitivity, an insensitive fiber failed to demonstrate shortening of the action potential in response to adenosine. The mechanism of adenosine insensitivity remains to be elucidated. hi summary, with regard to overdrive suppression of pacemakers from both guinea pig Purkinje fibers and distal AV node, adenosine augments post-drive pause in excess of its influence on spontaneous automaticity. Thus, adenosine potentiates ventricular overdrive suppression. This phenomenon appears to be mediated not via an enhancement of electrogenic Na + ,K + -ATPase pump activity, but rather by a direct effect (increase) on K + conductance. Importantly, the study presents a previously unrecognized effect of adenosine in the absence of catecholamines on the action potential of mammalian Purkinje fiber. Thus, the potentiation of overdrive suppression by adenosine in Purkinje fibers may be species specific. The role of pacemaker shift in response to adenosine and/or a period of overdrive has yet to be determined. In addition, the mechanism of adenosine insensitivity following overdrive awaits elucidation. Whereas adenosine seems not to play a role in overdrive suppression under normal physiological conditions, during hypoxia, exogenously released adenosine significantly enhances the degree of post-drive suppression. Thus, although a direct effect of adenosine in human Purkinje fibers has not yet been reported, it is possible that endogenously released adenosine may play a role in clinical instances of post-drive suppres-530 sion during hypoxia or ischemia, such as the suppression of automaticity following sinus arrest, complete heart block, or artificial pacemaker failure, and the occurrence of asystole or severe bradycardias following the termination of tachyarrhythmias.
